A new class of metastable de Sitter vacua is presented and analyzed in N = 1 supergravity and string theory with tunable (infinitesimally small) value of the cosmological constant. They are based on a gauged R-symmetry and the minimal spectrum contains a vector and a linear multiplet of the string dilaton or of a compactification modulus. In the minimum of the scalar potential supersymmetry is broken by an expectation value of both a D-and F-term.
Introduction
de Sitter (dS) vacua in N = 1 supergravity and string theory with tunable (infinitesimally small) value of the cosmological constant are rare and their study is therefore interesting and challenging [1] . In this work, we construct and analyze a new class of such metastable solutions based on a gauged R-symmetry [2] (For other studies based on a gauged Rsymmetry, see for example [3] ). The minimal field content, besides the gravity multiplet, consists of one vector multiplet and one chiral multiplet on which the R-transformation (up to an appropriate field redefinition) acts as a shift along the imaginary part of its scalar component. In the rigid (globally supersymmetric) limit, the vector multiplet decouples and one is left with a single chiral multiplet S and a shift symmetry. Obviously, the most general Kahler potential is a function of the real part S +S while the only allowed superpotential is a single exponential e bS or a field independent constant. In the latter case the shift transformation is not part of an R-symmetry.
In the context of string theory S is a compactification modulus or the universal dilaton and the exponential superpotential may be generated by non-perturbative effects, either in the string world-sheet or in space-time (such as gaugino condensation), respectively.
In the following, we consider as example the case of the string dilaton although our expressions can be generalized to a generic modulus in a straightforward way. A constant superpotential on the other hand corresponds to a tree-level contribution obtained when string theory is considered away from its critical dimension and is proportional to the central charge deficit [4, 5] .
The presence of the shift symmetry implies that there is an alternative formulation in terms of a linear multiplet containing a 2-index antisymmetric tensor potential which is dual to ImS (under Poincaré duality of its field-strength). The 2-form field appears naturally in the string basis and, as we show, the linear multiplet description of the theory persists even in the presence of the superpotential. The resulting scalar potential is runaway but can be stabilized in the presence of a D-term contribution with a FayetIliopoulos (FI) term when the shift symmetry is gauged. Such a contribution can arise from a non-supersymmetric D-brane configuration and is proportional to the total D-brane tension deficit. The case of a non R-symmetry with a constant superpotential was studied in [5] and gives rise to an anti-de Sitter (AdS) minimum with broken supersymmetry by a D-term.
In this work we study the case of a gauged R-symmetry with an exponential superpotential and show that the scalar potential has a dS metastable minimum with broken supersymmetry by both an F-and D-term. Moreover, there is a linear multiplet description where in the supersymmetry breaking minimum the linear multiplet combines with the massless vector multiplet, leading to massive fields: a vector, a scalar and a Majorana fermion (besides of course the graviton and the massive gravitino).
The outline of the paper is the following. In Section 2, we introduce the field content and the notation. In Section 3, we review the linear-chiral multiplet duality in the rigid case without superpotential, while in Section 4, we generalize it in the presence of a superpotential. In Section 5, we extend the analysis in supergravity. In Section 6, we derive the scalar potential, while in Section 7, we perform the minimization and derive the spectrum in the dS metastable minimum. Finally, in the first three appendices we derive the expressions of the Lagrangian in components after the elimination of the auxiliary fields, both in the rigid case (Appendix A) and in supergravity the bosonic part (Appendices B and C). In Appendix D we calculate the masses of the physical particles.
The dilaton and shift symmetry
In supersymmetric theories the string dilaton and the axion a can be described as the real and imaginary part of the scalar component s of a chiral multiplet S = (s, ψ, F ). 1) where g is the four dimensional gauge coupling. In perturbation theory, the axion has an invariance under a Peccei-Quinn symmetry which shifts s by an imaginary constant, 2) where α is real. It is well known that there exists a dual description where the axion is described by an anti-symmetric tensor b µν , which has a gauge symmetry given by
In the context of string theory, it is this anti-symmetric tensor which appears in the massless spectrum as the supersymmetric partner of the dilaton. The antysymmetric tensor is related to a field strength v µ by v µ = (2.4) which is the Bianchi identity. Together with a real scalar l and a Majorana fermion χ, 5) where the chiral and anti-chiral projection operatorsD 2 =DαDα and
where θ α (θα) are the fermionic coordinates of the (anti-)chiral superspace. It should be noted that the shift symmetry (2.2) of the axionic partner of the dilaton is a crucial ingredient for the duality to work, since it is related to the gauge symmetry (2.3) which in turn is responsible for (2.4) .
In order for the theory to have a shift symmetry, the Kähler potential must be a function of the combination S +S. Since we are interested in string inspired actions, we will assume a Kähler potential of the form K(S +S) = −p ln(S +S), (2.8) where p is a real constant.
Easy warm-up: No superpotential
As a warm-up, we will show how one can describe the theory 1) with K(S +S) given by (2.8) , in terms of a linear multiplet. For this, we consider the
where L is a priori an unconstraint real vector superfield. For purposes that become clear in an instant, we take F(L) to be given by F(L) = p ln(L). The equations of motion for the
, which is exactly the condition (2.5) for L to be a linear multiplet. The second term in (3.2) is thus a generalised Lagrange multiplier that ensures the linearity of L. The resulting theory in terms of the linear multiplet is given by
On the other hand, the equations of motion of (the now unconstrained real superfield) L
give 4) so that
Some basic algebra then shows that
The chiral theory is then given by
with K(S +S) given in (2.8) .
Since the natural partner of the graviton in the massless sector of superstrings is the scalar dilaton and an antisymmetric tensor, the above exercise should be repeated in supergravity (local supersymmetry). This is done below in section 5.
With a superpotential
It is now a natural question to ask whether one can add a superpotential to this theory, so that the shift symmetry survives. We are now interested in the dual description of the theory
with Kähler potential and superpotential given by (2.8) and (4.1) . It is interesting to note that these superpotentials appear naturally in the context of gaugino condensation (see for example [6] ) and in recent works on supersymmetric extensions of Starobinsky models of inflation [7] . In the following, we use the conventions of [8] . To find the dual theory,
we start from the Lagrangian
where as before, S andS are chiral and anti-chiral superfields, respectively, and L is an a priori unconstrained real superfield. As we will see below, it turns out that in the dual theory, L will still be a real superfield off-shell. However, it will contain the same number of propagating degrees of freedom as those of a linear multiplet. W (S) is given in (4.1) and F(L) = p ln(L). The equations of motion for L give, as before
By substituting this relation into the Lagrangian (4.3) one retrieves (4.2) .
We now derive the equations of motion for the chiral superfield. This results in modified linearity conditions 6) and thus L is still an unconstrained real multiplet. One can use these equations to write
Note that one can rewrite the Lagrangian (4.3) as
Substituting (4.7) and (4.8) into (4.9) one obtains the dual theory in terms of the superfield
Note that L is a real vector superfield instead of linear superfield. However, as we show in appendix A, the vector multiplet L contains auxiliary fields that can be eliminated by their equations of motion, and the physical content of the theory can still be described in terms of only a real scalar l, a Majorana fermion χ and a field strength vector field v µ . In fact, a more natural description of this theory will be given by a real scalar l, a
Majorana fermion χ and a pseudoscalar w, which is the phase of the θ 2 -component of L.
In appendix A, we compute the Lagrangian in components. The result is
Note that the resulting scalar potential for the field l (last term of the first line of the above expression) is:
As a check, we can substitute (4.4) into the above equation to find (4.13) which corresponds to the scalar potential which can be directly obtained in the chiral formulation from equation (4.2).
Tensor-scalar duality in supergravity
We now calculate the same duality in supergravity by using the chiral compensator formalism [11] . For this, we start with the Lagrangian
where, as before, S(S) is an (anti-)chiral multiplet with zero Weyl weight, L is a (unconstrained) real multiplet with Weyl weight 2 and V R is a vector multiplet of zero Weyl weight associated with a gauged R-symmetry with coupling constant g given by g = and W 2 = W α W α contains the gauge kinetic terms for V R with gauge kinetic function f , which is assumed to be constant f = β (at the end of this section we shortly discuss a linear gauge kinetic function).
Note that since the R-symmetry generator T R does not commute with the supersymmetry generators Q α , specifically
the global R-symmetry in the previous section necessarily becomes gauged when one couples this theory to gravity. The above Lagrangian thus has a gauged R-symmetry (coupled to the gauged shift symmetry), under which the various fields transform as
where the gauge parameter Λ(Λ) is a (anti-)chiral multiplet.
The equations of motion for L are given by
In the appendix B, we fix the conformal gauge by choosing the lowest components s 0 and 6) which corresponds to a theory with Kähler potential K = −2 ln S +S , a superpotential W (S) and a gauged (shift) R-symmetry in the old minimal formalism.
We now couple the Lagrangian (4.10) to supergravity and confirm that the propagating degrees of freedom are still two real scalars and a Majorana fermion, as was the case in rigid supersymmetry. This is done using the chiral compensator formalism.
To obtain the theory in terms of the superfield L, we use the following identity which is proven in Appendix C
where T is the chiral projection operator defined below.
In global supersymmetry, the chiral projection is in superspace the operatorD 2 , wherē
Dα is defined in equation ( Since a chiral multiplet Σ can be defined by its lowest component, we define the chiral projection of L via the operator T as a chiral multiplet with lowest component −Z
In global supersymmetry, this definition of the chiral projection operator
By using the relation (5.7), one can now calculate the equation of motion for S 9) and insert this back into the original Lagrangian (5.1) to obtain
In Appendix B, it is shown that apart from the obvious extra fields compared to global supersymmetry, namely the graviton, the gravitino, a gauge boson and a gaugino 2 , this theory does not contain any additional degrees of freedom and the (non-gravitational) spectrum can be described in terms of two real scalars l and w, where w is defined as Z = ρe iw , and a Majorana fermion χ. Since the gauge fields do not enter in the tensorscalar Poincaré duality, only the F-term scalar potential is calculated in Appendix B 11) which upon substituting the relation (5.5), one indeed finds the correct F-term scalar potential computed with the chiral formulation (see equation (6.6) in section 6), namely
(5.12)
To make a connection with the scalar potential (6.6) of the next section, one has to extend the above formalism to include a linear gauge kinetic function f (s). By following the same method as above, but by including an extra term αSW 2 F + h.c., (5.13) that contains the gauge kinetic terms of V R with gauge kinetic function f (S) = αS + β to the Lagrangian (5.1), one finds that the result (5.10) is still valid upon the substitution
14)
The theory dual to the one described in section 6 (for p = 2) is given by (5.15) 6 Scalar potential and connection with string theory
From a phenomenological point of view, the scalar potential (4.13) is runaway and thus not very interesting. However, a supergravity theory with Kähler potential (2.8) and superpotential (4.1) can give rise to a a minimum with a parametrically small positive vacuum energy for appropriate choices of the parameters.This was already noticed in [9] and is quantified in the next section for p = 2. The important difference with global supersymmetry is that in the local case one can gauge the R-symmetry in order to allow for Fayet-Iliopoulos terms. Moreover, the presence of R-symmetry severely restricts the form of the scalar potential.
The scalar potential is given by [10] (we use the conventions of [11] and put κ = 1)
with covariant derivatives defined by 2) where z denotes the chiral superfields. f (s) is the gauge kinetic function, which we assume to be f (s) = s + d (as in the Heterotic string effective action), where we take d to be real;
this is the most general gauge kinetic function allowed by the shift symmetry. P A are the moment maps
with k A the Killing vectors, i.e. δz α = θ A k α A (z). The functions r A (z) satisfy (6.4) and give rise to a Fayet-Iliopoulos term (see equation (6.3) ) if r A is a complex constant.
For the supergravity theory with Kähler potential (2.8) and superpotential (4.1), invariant under the shift symmetry δs = θk = −icθ, the scalar potential is given by
For example, for p = 2, this gives
Taking b = d = 0, this reduces to
The potential (6.7) coincides with the one derived in [5] from D-branes in non-critical strings. Indeed the second term corresponds to a disk contribution proportional to the Dbrane tension deficit δT induced by the presence of magnetized branes in type I orientifold compactifications, while the first term corresponds to an additional contribution at the sphere-level, induced from going off criticality, proportional to the central charge deficit δc. More precisely, in the Einstein frame (M p = 1), the scalar potential in [5] is given by
δT , (6.8) where ϕ 4 is the four-dimensional dilaton related to the ten-dimensional dilaton ϕ by e −2ϕ 4 = e −2ϕ v 6 , and v 6 is the six-dimensional volume given by v 6 = V 6
(4π 2 α ) 3 . By identifying e −ϕ 4 = Re(s), one sees that the scalar potential (6.8) is indeed of the form of equation (6.7). One can then identify δc and δT as
Note that δc can become infinitesimally small only if it is negative, as is needed for the existence of an anti-de Sitter vacuum in equation (6.8) . The potential has a minimum at
108c 4 < 0. It is interesting to note that a nonzero b implied by the most general superpotential consistent with the shift symmetry allows one to find (meta-stable) de-Sitter vacua for certain values of the parameters, as we show below.
7 Meta-stable de Sitter vacua quantified.
The scalar potential (6.5) with d = 0 and p = 2 was already examined in [9] , where it was noticed that for b > 0 there is always a stable supersymmetric anti-deSitter (AdS) vacuum. Indeed, the derivative of the scalar potential is given by 
both vanish in this vacuum, thus confirming that supersymmetry is unbroken.
However, for suitable values of the parameters, there can also be a metastable de Sitter (dS) vacuum. It was also noticed that for b < 0 there is a wide range of parameters with a locally stable dS (or stable AdS) minimum of V at finite value of s 0 +s 0 , with spontaneously broken supersymmetry.
In the context of string theory, the case of b > 0 is unphysical while b < 0 corresponds to a non-perturbative superpotential, completely fixed from the requirement of the shift symmetry or the gauged R-symmetry. We dedicate the rest of this section to showing explicitly that one can indeed find a parametrically small and positive vacuum energy for the case b < 0 and p = 2. For this we first look for a Minkowski minimum and solve the equations 4) where s 0 is the value of s at the minimum of the potential. This leads to the following relations between the parameters b(s 0 +s 0 ) = α ≈ −0.183268, (7.5) a 2 bc 2 = A(α) ≈ −50.6602, (7.6) where α is the root of the polynomial −x 5 + 7x 4 − 10x 3 − 22x 2 + 40x + 8 close to −0.18 and A(α) is given by
Note that the above polynomial has five roots, four of which are unphysical: two roots are imaginary, one is positive, which is incompatible with equation (7.5), since s 0 +s 0 should be positive (see equation (2.1)), and a fourth root gives rise to a positive A(α), which is incompatible with equation (7.6) . Note that the position of the minimum (and thus the value of the string coupling constant g s ) is only determined by b.
The gravitino mass term is given by
where G = K+ln(WW ) and we used equation (7.5) to go from the second to the third line.
This shows that for nonzero a and b < 0 supersymmetry is broken. Indeed the F-term and D-term contributions to the scalar potential are now (7.9) Note that for the D-term, both α and b are negative, so that the D-term contribution to the superpotential is indeed positive.
Due to the Stueckelberg coupling, the imaginary part of s (the axion) gets eaten by the gauge field, which acquires a mass. On the other hand, the Goldstino, which is a linear combination of the fermion of the chiral multiplet χ and the gaugino λ gets eaten by the gravitino. As a result, the physical spectrum of the theory consists (besides the graviton) of a massive scalar, namely the dilaton, a Majorana fermion, a massive gauge field and a massive gravitino. A calculation of the masses of these fields is given in Appendix D. The results are (7.12) Note that all masses are of the same order of magnitude, since they are proportional to the same constant a (or c related by eq.(7.6) where b is fixed by eq.(7.5)), which is a free parameter of the model. Thus, they vanish in the same way in the supersymmetric limit
If one were to shift the value of the minimum of the potential to a small positive value Λ, (7.6) gets modified to A Propagating degrees of freedom of L in (4.10) Define the general expression of the real superfield L as follows
Rewriting Z = ρe iw andZ = ρe −iw , it follows that the Lagrangian (4.10) is given in components by
The equations of motion for the fields D, λ, v µ and ρ are .3) and can be used to eliminate these fields from the Lagrangian by substituting them back into (A.2)
It follows that the Lagrangian can be written only in terms of the physical propagating fields l, χ and w. Note that it is also possible to write the Lagrangian in terms of l, χ and v µ . The above calculation proves that the field strength v µ contains only one degree of freedom.
B Supergravity
We now look for a component expression of the Lagrangian (5.10), repeated here for
Since we are interested in comparing the F-term scalar potential of the above theory, we will from now on neglect the vector multiplet The chiral multiplet obtained by the projection operator T has components T (L) =
, where the covariant derivatives are given by 2) where ψ µ is the gravitino, ϕ µ is the gauge field corresponding to the conformal supercharge S, B µ is the gauge field of dilatations and A µ is the gauge field of the T-symmetry (which is the U (1) R-symmetry of the superconformal algebra). An F-term Lagrangian is defined on a chiral multiplet X = (s, P L ζ, F ) with weight 3
where e is the determinant of the vierbein. From now on, we write P L,R ζ = ζ L,R . A D-term Lagrangian is defined on a real multiplet C = (C, χ, Z, v a , λ, D) with weight 2 as 4) where R(ω) and R (Q) are the graviton and gravitino curvatures. To obtain a real multiplet from a real function φ(s,s) of chiral superfields (s, ζ L , F ) and their anti-chiral counterparts, we use [12] φ(s, 
We are now ready to write down the (non-gauge) bosonic part of the Lagrangian (5.10) as
where we used that
to rewrite a term involving l in the third term in (5.10) . The scalar field w is defined as 9) and it will turn out that this field inherits the gauged shift symmetry. L kin and V F in equation (B.7) are given by
where we solved the equations of motion of the auxiliary field F and used equation (B.9) to go from the first to the second line of V F . On the other hand, the equations of motion for D and v µ are given by
We now fix the conformal gauge as
to obtain a correctly normalised Einstein-Hilbert term. Upon this choice L kin reduces to
l 2 ∂ µ l∂ µ l and we obtain the final result
(B.14)
C Proof of an important identity
In this Appendix we prove equation (5.7) , repeated here for convience
To do this, we calculate both sides in components and see that they coincide. It is sufficient to show this only for the bosonic terms. If the (bosonic) components of the chiral multiplet S are given by (s, 0, F ) and the (bosonic) components of the real multiplet L are given by (l ; 0 ; Z ; v µ ; 0 ; D ), then the components of S +S can be calculated using (B.5)
The chiral multiplet T (L) is defined as a chiral multiplet with lowest component −Z and has components
The left-hand side of equation (C.1) can be written in components by using equations (B.5) and (B.4) (neglecting all terms involving fermions)
Similarly, by using equation
The right-hand side is thus given by
The equality (C.1) is then proven by using equation (B.8) for l and then partially integrating the last two terms.
D Masses of the scalar, the fermion and the gauge field
D.1 Mass of the gauge field
The kinetic term L s of the scalar field s can be written as
where the covariant derivative is defined aŝ
where k is the Killing vector associated with the shift symmetry given by k = −ic.
Equation (D.1) can then be written as
The local shift symmetry allows us to gauge fix s −s = 0. The gauge field now acquires a mass term and its mass is given by
D.2 Mass of the scalar
We isolate the quadratic contribution of the superpotential, which is repeated here for
The quadratic term V quad = 
This expression can be simplified by using equation (7.6)
Taking into account the non-canonical form of the kinetic terms 3 , the mass of the dilaton Re(s) = s+s 2 is then given by
For the earlier calculated numerical value of α, this expression is indeed positive: m 2 s > 0. We should thus rescale the mass with a factor S0.
D.3 Mass of the fermion and elimination of the Goldstino
The Goldstino is given by 11) where δ s χ α and δ s P R λ A are defined as
The indices α, β run over the different chiral superfields. Since we have only one chiral superfield, they only take one value. The same holds for the gauge indices A, B, that only take one value, namely that of the shift symmetry. The result is
Due to the super-BEH effect, the Golstino will give mass to the gravitino and it will disappear from the set of physical fields. As a result, the mass matrix for the fermions becomes m = m αβ + m where (s +s) should be evaluated in the minimum of the potential, i.e. equations (7.5) and (7.6) hold. The corrections due to the BEH-effect are given by which is positive for all a, b, and we used equations (7.6) and (7.7) to simplify the result.
